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Abstract—In this paper, we propose an accurate method for
evaluating the performance of Ultra-Wideband (UWB) coherent
receivers over the IEEE 802.15.3a channel model. Depending on
the severeness of fading, the method consists of approximating the
distribution of the captured channel energy by either a Coxian,
gamma-mixture or lognormal distribution based on a least square
ﬁtting criterion. The proposed approximations lend themselves
to simple mathematical analysis and turn out to be useful in
evaluating the performance, in terms of average bit-error-rate
(BER) and outage probability, over the IEEE 802.15.3a channels.
I. INTRODUCTION
Time-Hopping Ultra-Wideband (TH-UWB) systems merged
as strong candidate solutions for high-rate short-range in-
door wireless communications. Recently, there has been an
extensive research effort in evaluating the performance of
these systems [1]–[6]. In this context, the different approaches
proposed in the literature can be classiﬁed into three broad
categories. The ﬁrst approach is based on an Additive White
Gaussian Noise (AWGN) model that results in simple closed-
form solutions for the different performance measures [1].
However, this simplistic model is far from capturing the
behavior of UWB signals over indoor channels. The second
approach consisted of adopting a Gaussian channel model.
This model is relatively accurate in the case of receivers
that can resolve all of the multi-path components (based on
the central limit theorem) or for UWB multi-antenna systems
that do not suffer from severe fading [2], [3]. However, the
above model fails in characterizing realistic Rake receivers that
can combine only a limited number of multipath components
because of complexity considerations and limited availability
of channel estimates [7]. Finally, to solve the problem of
analyzing the performance of realistic Rake receivers over
multi-path channels, the approaches proposed in [4]–[6] resort
to numerical evaluation (Monte-Carlo simulations). Therefore,
despite the extensive effort in proposing accurate values of
the conditional bit-error-rate (BER), the numerical integration
of the conditional BER to obtain the average BER fails in
offering clear insights on the performance of UWB systems
over realistic indoor channel models.
In this paper, we evaluate the performance of UWB Rake
receivers over the IEEE 802.15.3.a channel model recommen-
dation [8]. In this model, the arrival times and magnitudes of
the different multipath components are described by Poisson
and lognormal random variables respectively. In this context,
the signal-to-noise ratio (SNR) of a Rake receiver deploying
maximum-ratio-combining (MRC) is proportional to the sum
of L lognormal random variables where L is determined by
the number of Rake arms (or, equivalently, by the integration
duration of the channel impulse response).
While an exact closed-form expression of the probability
density function (pdf) of the lognormal-sum approximation is
unknown, several approximations are proposed in the literature
[9]–[13]. The most common approach consists of approxi-
mating the lognormal-sum distribution by a lognormal dis-
tribution [9], [10] while another category of solutions resorts
to non-lognormal approximations due to possible limitations
of the lognormal approximation [11]–[13]. The lognormal
approximation was exploited in [14], [15] to evaluate the
performance of UWB systems. However, as will be discussed
later, this approximation is not accurate over the entire range of
parameters and does not lead to closed-form characterization.
Recently, a type-IV Pearson approximation was proposed in
[11] and used in [16] for UWB performance analysis. Despite
the accuracy of the Pearson approximation and despite its
adaptability to the IEEE 802.15.3.a channels, the complexity
of its pdf results in complicated expressions of the BER and
outage probability. Moreover, the average BER was evaluated
using the Gauss-Legendre method and it can not be upper
bounded by simple closed-form bounds because of the com-
plexity of the approximating pdf (eq. (14) in [16]). Finally, the
failure of the lognormal approximation in linking the BER and
outage probability to the SNR extends to the two-component
lognormal mixture approximation proposed in [12]. In the
same way, because of its complicated pdf expression, the
power-lognormal approximation proposed in [13] does not
lend itself to simple mathematical evaluation.
In this paper, we propose to approximate the energy cap-
tured by the Rake receiver over the IEEE 802.15.3a model by
either a Coxian, gamma-mixture or lognormal distribution. The
parameters of the approximating distribution are determined
based on a least square ﬁtting criterion. The Coxian approxi-
mation is proposed in the case of “severe” fading that results
from a small integration time and Non Line-Of-Sight (NLOS)
propagation. On the other hand, a mixture of gamma distri-
butions is found to accurately approximate the energy capture
in the case of “normal” fading that results from a limited (but
not very small) integration time in NLOS and LOS scenarios.
Finally, the lognormal approximation is found to be suitable in
the case of “non-severe” fading resulting from large integration
times. Note that the Coxian and gamma-mixture distributions
were never investigated before as candidate approximations for
the distribution of the sum of lognormal random variables. The
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beneﬁts of the proposed approximation approach are as follows
(1): the proposed approximations are accurate for different
channel proﬁles and over the entire range of integration times,
(2): the approximating closed-form pdfs are simple, (3): the
proposed approximations provide a satisfactory accuracy for
estimating both the BER and the outage probability as well
as for analyzing the achievable diversity orders over UWB
channels. In this context, the proposed approximations result
in simple expressions of the outage probability while the
proposed Coxian and gamma-mixture approximations result
in simple closed-form asymptotic expressions of the average
BER. In this context, it is worth noting that approximating
the energy capture over the UWB channels differs from the
lognormal-sum approximation considered in the literature [9]–
[13] by the following facts, (1): unlike the lognormal-sum
approximation where the number of summands is ﬁxed, the
number of arriving multipath components within the integra-
tion interval is variable, (2): the mean and variance of the
multipath components (summands) is not constant; in fact,
these parameters depend on the arrival times that follow a
Poisson distribution.
II. PRELIMINARIES
According to the IEEE 802.15.3a channel model recom-
mendation [8], the impulse response of the channel can be
modeled as:
g(t) =
Lmax−1∑
l=0
βlαlδ(t−Δl) (1)
where δ(t) stands for the Dirac delta function . The param-
eter βl ∈ {±1} with equal probability models the random
pulse inversion that can occur due to reﬂections. The random
variables (r.v.s) Δl and αl stand for the arrival time and the
fading amplitude of the l-th multipath component respectively.
According to [8], Δl encompasses the cluster arrival time and
the arrival time of the multipath component within its cluster.
On the other hand, αl is modeled as a lognormal r.v. whose
parameters depend on the arrival time Δl according to an
exponential-decay power law. In eq. (1), Lmax corresponds
to the maximum number of resolvable multipath components.
Consider a Rake receiver that combines all the multipath
components arriving within a duration Ti ≤ ΔLmax−1. For
MRC, the output instantaneous SNR (in linear scale) is pro-
portional to the r.v. h deﬁned as:
h =
L−1∑
l=0
α2l (2)
where the number of summands L corresponds to the number
of multipath components falling within the interval [0 Ti]:
ΔL−1 ≤ Ti. Note that the above equation is valid under
the assumptions that (1): the receiver acquires perfect channel
estimation within the duration Ti and (2): the receiver has an
inﬁnitely high temporal resolution 1. This model corresponds
1Note that if the receiver had a large temporal resolution of Tp (which is
often equal to the duration of the UWB transmitted pulse), then the r.v. h
will take the form: h =
∑Ti/Tp−1
l=0 γ
2
l where γl takes the following value:
γl =
∑
i∈Il βiαi where the set Il is given by: Il = {i | lTp ≤ Δi <
(l + 1)Tp}. In this work, we assume that Tp  1 resulting in γl → βlαl.
to the “power sum” distribution that is often considered in the
literature [14]–[16].
The r.v. h given in eq. (2) models the energy captured within
a duration Ti. On the other hand, since αl is a lognormal r.v.
then α2l is also a lognormal r.v. implying that h corresponds to
the summation of L random variables. Note that the number
of summands L as well as the parameters of these summands
(α20, . . . , α2L−1) depend on the speciﬁc channel realization (via
the delay proﬁle of the impulse response).
In this paper, we evaluate the BER and outage probability
of UWB systems with BPSK. The average BER is given by:
Pe =
∫ +∞
0
Q
(√
SNR.x
)
fh(x)dx (3)
where fh(.) corresponds to the pdf of the r.v. h and the
function Q(x) is deﬁned by: Q(x) = 1√
2π
∫∞
x
e−t
2/2dt.
For evaluating the asymptotic BER behavior for large SNR,
Pe can be upper-bounded by:
Pe ≤ 1√
2π
∫ +∞
0
1√
SNR.x
exp
[
−SNR.x
2
]
fh(x)dx (4)
where this bound follows since Q(x) ≤ 1√
2π
e−x
2/2
x and it
becomes tighter for larger values of the SNR.
The outage probability is deﬁned as [16]:
Pout = Prob (h ≤ hth) =
∫ hth
0
fh(x)dx = Fh(hth) (5)
where Fh(.) stands for the cumulative distribution function
(cdf) of the r.v. h given in eq. (2).
III. PROPOSED APPROXIMATIONS
To the authors’ best knowledge, no exact closed-form so-
lution to the distribution of h is available in the literature
and previous works are limited to approximating the exact
distribution by different convenient distributions [14]–[16]. In
this paper, we propose to approximate the exact pdf fh(.)
by either a Coxian, gamma-mixture or lognormal distribution
depending on the coefﬁcient of variation of the r.v. h deﬁned
as: cv = σhμh where μh and σh stand for the mean and standard
deviation of the r.v. h, respectively. The advantages of the
proposed approximations will be highlighted later in this paper.
A. Coxian Distribution
When cv is larger than 1, we propose the two-component
Coxian distribution as a candidate approximation. In fact, this
distribution was found suitable for this case of “severe” fading
where the captured signal energy is characterized by large
variations near zero. The corresponding pdf is given by:
fCox = pλ1e−λ1x + (1− p)λ2e−λ2x ; x ≥ 0 (6)
where λ1 and λ2 are both positive. Note that in order to capture
the variations of the exact pdf fh(x) that is ﬁrst increasing and
then decreasing in x, the parameter p is limited to take values
that are greater than one.
When the exact pdf fh(x) is replaced by the approximating
pdf fCox in eq. (4), it can be shown through direct calculations
that the corresponding upper-bound can be written as:
Pe ≤ 1√
2
2∑
i=1
pi
1
(SNRλi )
1
2
(
1 + 12
SNR
λi
) 1
2
(7)
where p1  p and p2  1− p.
For sufﬁciently large values of the SNR, eq. (7) can be
written as:
Pe ≈ p λ1
SNR
+ (1− p) λ2
SNR
(8)
implying that Pe scales asymptotically as SNR−1 implying
that the diversity order of the UWB system in the case of
“severe” fading is equal to 1.
Based on the Coxian approximation, eq. (5) reduces to:
Pout = 1− pe−λ1hth − (1− p)e−λ2hth (9)
B. Mixture of gamma distributions
In the case where the coefﬁcient of variation cv is not much
smaller than 1 (in particular, 0.8 ≤ cv ≤ 1), we found (based
on a numerical analysis) that a mixture of gamma distributions
can approximate the exact distribution of h with high accuracy.
The pdf of a N -component mixture of gamma distributions
can be written as:
fγ(x) =
N∑
n=1
γn
e−x/θnxkn−1
Γ(kn)θknn
; x ≥ 0 (10)
where
∑N
n=1 γn = 1. The parameters kn and θn are positive
for all values of n and Γ(x) =
∫ +∞
0
e−ttx−1dt corresponds
to the Gamma function (x ≥ 0).
Replacing fh(x) by fγ(x) in eq. (4) results in:
Pe ≤ 1√
2π
N∑
n=1
γn
Γ(kn − 12 )
Γ(kn) (θnSNR)
1
2
(
1 + θnSNR2
)kn− 12
(11)
which, for sufﬁciently large values of the SNR, can be written
as:
Pe ≈ 1√
π
N∑
n=1
γn2kn−1
Γ(kn − 12 )
Γ(kn)
(θnSNR)
−kn (12)
Equation (12) shows that the dominant term that has the
major inﬂuence on the asymptotic-BER is the smallest term
among k1, . . . , kN . In this case, Pe scales asymptotically as
(θmSNR)
−km where m  argminn=1···N (kn). In other
words, that diversity order in this case of “normal” fading
is equal to km. Interestingly, the numerical results show that
km is an increasing function of Ti. In the same way, km takes
larger values in LOS conditions (for example, CM1) compared
to NLOS conditions (for example, CM2).
Replacing eq. (10) in eq. (5) results in:
Pout =
N∑
n=1
γn
γ(kn, hth/θn)
Γ(kn)
(13)
where γ(s, x) corresponds to the lower incomplete gamma
function deﬁned as: γ(s, x) =
∫ x
0
ts−1e−tdt.
C. Lognormal Distribution
In the case of “non-severe” fading (cv < 0.8), we found
that the best approximating distribution corresponds to the
lognormal distribution. The pdf of a lognormal distribution
with parameters μ and σ is given by:
fLN (x) =
1√
2πσx
exp
[
− (ln(x)− μ)
2
2σ2
]
; x ≥ 0 (14)
A closed-form solution for eq. (4) is unfortunately not
available when fh(x) is replaced by fLN (x). On the other
hand, using the looser bound Q(x) ≤ 12e−
x2
2 implies that Pe
in eq. (3) can be upper-bounded by:
Pe ≤ 12
∫ +∞
0
exp
[
−SNR.x
2
]
1√
2πσx
exp
[
− (ln(x)− μ)
2
2σ2
]
dx
(15)
After some manipulations, the above equation can be written
as:
Pe ≤ 12Fr
(
1
2
SNReμ+
σ2
2 , 0;
σ
2
)
(16)
where Fr(a, 0; b) is the lognormal density frustration function
given by [17]:
Fr(a, 0; b)=
∫ +∞
0
1√
2πb2x
exp
(−ax2) exp [− (ln(x) + b2)2
2b2
]
dx
(17)
A closed-form evaluation of the frustration function does
not exist. Consequently, the lognormal approximation does not
result in a closed-form expression of the asymptotic BER when
Q(x) is upper-bounded by either 1√
2π
e−x
2/2
x or
1
2e
− x22
.
In what follows, we will show that an inﬁnite diversity order
can be achieved in the case of “non-severe” fading. Since
exp
(−ax2) = (∑+∞n=0 anx2nn! )−1 ≤ n!anx2n ∀n ∈ N, then
eq. (17) can be upper-bounded by:
Fr(a, 0; b) ≤ n!
an
∫ +∞
0
x−2n
1√
2πb2x
exp
[
− (ln(x) + b
2)2
2b2
]
dx
=
n!
an
E
[
x−2n
]
=
n!
an
exp
(
2(n2 + n)b2
) (18)
where the mean E[.] in the last equation is evaluated over a
lognormal distribution with parameters −b2 and b.
Finally, replacing eq. (16) in eq. (18) results in:
Pe ≤ 2
n−1n!
SNRn
exp
(
n2
σ2
2
− nμ
)
∀ n ∈ N (19)
Since the above bound holds for all integer values of n, then,
in particular, it holds for very large values of n implying that
the Pe(SNR) curve is inﬁnitely steep at high SNRs implying
that the UWB system proﬁts from an inﬁnite diversity order
in the case “non-severe” fading.
On the other hand, based on the lognormal approximation,
the outage probability in eq. (5) takes the following value:
Pout = Q
(
μ− ln(hth)
σ
)
(20)
TABLE I
BEST APPROXIMATING DISTRIBUTIONS FOR CM1 AND CM2
Ti 1 ns 2 ns 3 ns 5 ns 7 ns 10 ns 20 ns 30 ns tmax
CM1: cx 1.071 0.9458 0.8847 0.8336 0.8136 0.7992 0.7815 0.7782 0.7778
CM1: distribution GM-3 GM-3 GM-3 GM-3 GM-3 GM-3 lognormal lognormal lognormal
CM1: MSE 1.665 10−3 9.135 10−5 2.978 10−5 2.985 10−5 2.777 10−5 3.693 10−5 4.293 10−5 2.902 10−5 3.133 10−5
CM2: cx 1.3383 1.1804 1.0774 0.9561 0.8831 0.8289 0.7828 0.7776 0.7767
CM2: distribution Coxian Coxian GM-3 GM-3 GM-3 GM-3 lognormal lognormal lognormal
CM2: MSE 1.673 10−3 3.22 10−4 1.357 10−3 7.973 10−5 1.474 10−5 2.426 10−5 2.374 10−5 2.419 10−5 2.539 10−5
GM-3: 3-component gamma-mixture
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Fig. 1. PDFs of the Coxian-2 approximations over CM2.
D. Least-Squares Fitting
The parameters λ1, λ2 and p of the Coxian distribution
in (6) as well as the parameters k1, . . . , kN , θ1, . . . , θN and
γ1, . . . , γN−1 of the gamma-mixture distribution in (10) and
the parameters μ and σ of the lognormal distribution in eq. (14)
are chosen to minimize the mean-square-error (MSE) between
the exact and the approximating pdfs:
MSE =
∫ +∞
0
[fh(x)− fapp(x)]2 dx (21)
where fapp = fCox, fapp = fγ and fapp = fLN in the cases
of “severe”, “normal” and “non-severe” fading respectively.
The solution to the above least-squares nonlinear curve ﬁtting
problem can be obtained numerically using the Gauss-Newton
numerical algorithm for example.
Regarding the gamma-mixture approximation, numerical
results showed that increasing the number of components
in the mixture (N in eq. (10)) resulted only in a marginal
decrease in the MSE. Consequently, throughout this paper,
3-component mixtures of gamma distributions are used for
modeling the energy capture in the case of “normal” fading.
The best approximating distributions and their corresponding
MSEs are given in table I for the channel proﬁles CM1 and
CM2. Similar results were obtained for the proﬁles CM3 and
CM4 and were not presented here for brevity.
Note that for asymptotic BER calculations, the Coxian and
gamma-mixture approximations resulted in simple closed-form
expressions (eq.s (7), (11)) while the lognormal approximation
resulted in an integral expression (eq. (16)). On the other hand,
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Ti=5 ns[k1, θ1, k2, θ2, k3, θ3, γ1, γ2]=
[3.238, 5.813, 2.457, 10.143, 2.294, 2.085, 0.372, 0.5] 
Ti=7 ns[k1, θ1, k2, θ2, k3, θ3, γ1, γ2]=
[2.775, 2.224, 3.06, 10.303, 3.144, 5.16, 0.16, 0.364] 
Ti=10 ns[k1, θ1, k2, θ2, k3, θ3, γ1, γ2]=
[2.915, 2.354, 3.635, 5.8, 3.993, 11.924, 0.314, 0.488] 
Fig. 2. PDFs of the 3-component gamma-mixture approximations over CM2.
the Coxian approximation resulted in a closed-form expression
of the outage probability (eq. (9)) while the gamma-mixture
and lognormal approximations resulted in integral expressions
(eq.s (13), (20)). Finally, note that the integral in eq. (3) can
not be evaluated analytically when fh(x) is approximated by
any one of the distributions proposed in [9]–[13].
IV. NUMERICAL RESULTS
We performed an extensive numerical analysis that showed
that the proposed approximations are accurate for different
channel proﬁles and integration times. In this section, we
present some of the results that compare the approximate pdfs,
BERs and outage probabilities with the exact ones.
Fig. 1 compares the exact pdfs with their corresponding
Coxian approximations for different integration times over
CM2. Results show the close match between the exact and
approximate pdfs. Similar results were obtained in Fig. 2 and
Fig. 3 in the cases of gamma-mixture approximations and
lognormal approximations respectively.
Fig. 4 shows the BER performance over CM1 for different
integration times. The approximating distributions used for
evaluating the exact BERs (based on eq. (3)) and their corre-
sponding upper bounds are given in table I. Results show the
suitability of the proposed approach for BER calculations. For
the 3-component gamma mixture approximation, results also
show that the proposed upper-bound given in eq. (12) turns
out to be very close to the exact BER for SNRs that are not
excessively very large. Moreover, all the proposed bounds can
be used to predict the diversity order (related to the steepness
of the BER curves that increases with the integration times).
Fig. 5 compares the exact outage probabilities with the
approximate expressions given in equations (9), (13) and (20).
Results show that the outage probabilities can be accurately
approximated by the proposed expressions over the entire
ranges of hth and Ti.
V. CONCLUSION
We presented a framework for evaluating the performance of
UWB systems over indoor wireless channels. This framework
is based on proposing convenient approximating distributions
for the energy captured over these channels. The proposed ap-
proximations result in simple pdf expressions with acceptable
levels of accuracy over the entire range of parameters. These
approximations are useful in evaluating the BER and outage
performance and they capture the diversity orders that can be
achieved over the UWB channels.
REFERENCES
[1] Q. F. Zhou and F. C. Lau, “Analytical performance of M-ary time-
hopping orthogonal PPM UWB systems under multiple access interfer-
ence,” IEEE Trans. Commun., vol. 56, no. 11, pp. 1780–1784, November
2008.
[2] L. Huaping, R. C. Qiu, and T. Zhi, “Error performance of pulse-based
ultra-wideband MIMO systems over indoor wireless channels,” IEEE
Trans. Wireless Commun., vol. 4, pp. 2939–2944, November 2005.
[3] L. Yang and G. B. Giannakis, “Analog space-time coding for multi-
antenna ultra-wideband transmissions,” IEEE Trans. Commun., vol. 52,
pp. 507–517, March 2004.
[4] J. Choi and W. Stark, “Performance of ultra-wideband communications
with suboptimal receivers in multipath channels,” IEEE J. Select. Areas
Commun., vol. 20, pp. 1754–1766, 2002.
[5] M. Eslami and X. Dong, “RAKE-MMSE-equalizer performance for
UWB,” IEEE Commun. Lett., vol. 9, no. 6, pp. 502–504, June 2005.
[6] X. Dong, L. Xiao, and A. Lee, “Performance analysis of dual pulse
transmission in UWB channels,” IEEE Commun. Lett., vol. 10, no. 8,
pp. 626–628, August 2006.
[7] D. Cassioli, M. Z. Win, F.Vatalaro, and A. F. Molisch, “Performance
of low-complexity rake reception in a realistic UWB channel,” in
Proceedings IEEE International Conference on Communications, vol. 2,
May 2002, pp. 763–767.
[8] J. Foerster, “Channel modeling sub-committee Report Final,” Technical
report IEEE 802.15-02/490, IEEE 802.15.3a WPANs, 2002.
[9] N. C. Beaulieu, A. A. Abu-Dayya, and P. J. Mclane, “Estimating the
distribution of a sum of independent lognormal random variables,” IEEE
Trans. Commun. Technol., vol. 43, pp. 2869–2873, December 1995.
[10] N. C. Beaulieu and Q. Xie, “An optimal lognormal approximation to
lognormal sum distributions,” IEEE Trans. Commun. Technol., vol. 53,
pp. 479–489, March 2004.
[11] H. Nie and S. Chen, “Lognormal sum approximation with type IV
Pearson distribution,” IEEE Commun. Lett., vol. 11, no. 10, pp. 790–792,
October 2007.
[12] F. W. Z. Liu, J. Almhana and R. McGorman, “Mixture lognormal
approximations to lognormal sum distributions,” IEEE Commun. Lett.,
vol. 11, pp. 711–713, September 2007.
[13] J. A. Z. Liu and R. McGorman, “Approximating lognormal sum dis-
tributions with power lognormal distributions,” IEEE Trans. Commun.
Technol., vol. 57, pp. 2611–2617, July 2008.
[14] H. Liu, “Error performance of a pulse amplitude and position modulated
ultra-wideband system over lognormal fading channels,” IEEE Commun.
Lett., vol. 7, pp. 531–533, Nov. 2003.
[15] C. Abou Rjeily, N. Daniele, and J. C. Belﬁore, “Diversity-multiplexing
tradeoff of single-antenna and multi-antenna indoor ultra-wideband
channels,” in Proceedings IEEE Conference on UWB, September 2006,
pp. 441 – 446.
[16] M. Di-Renzo, F. Graziosi, and F. Santucci, “Approximating the linear
combination of log-normal rvs via Pearson type iv distribution for UWB
performance analysis,” IEEE Trans. Commun., vol. 57, no. 2, pp. 388–
403, February 2009.
[17] S. Halme, B. Levitt, and R. Orr, “Bounds and approximations for
some integral expression involving lognormal statistics,” MIT Res. Lab.
Electron. Quart. Prog. Rept., 1969.
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
x
PD
F(
x)
Exact PDF
Lognormal approximation
Ti=20 ns
[μ, σ]=[−0.0368, 0.6889] 
Ti=tmax
[μ, σ]=[−0.0039, 0.6883] 
Fig. 3. PDFs of the lognormal approximations over CM2. tmax stands for
the maximum delay-spread of the channel.
0 5 10 15 20 25
10−6
10−5
10−4
10−3
10−2
10−1
100
SNR (dB)
BE
R
Exact BER
Approximate BER
Upper−bound
Ti=20 ns 
Ti=7 ns 
Ti=5 ns 
Ti=2 ns 
Fig. 4. BER performance over CM2.
−30 −25 −20 −15 −10 −5 0 5 10
10−6
10−5
10−4
10−3
10−2
10−1
100
γth (dB)
O
ut
ag
e 
Pr
ob
ab
ilit
y
Exact outage probability
Approximate outage probability
Ti=[1, 2, 3, 5, 7, 10, 20] ns 
Fig. 5. Outage probability over CM1.
